The objective of the present study was to conduct a comparative genotypic analysis of Candida albicans isolates from the United States, Europe, and Southeast Asia to determine whether differences between isolates might be associated with geographic locations. The genotypes of 86 unrelated isolates of C. albicans (from the United States and Europe) and 26 isolates from Singapore were examined by three DNA typing methods. Computer-assisted methods were used to analyze the gel patterns for all isolates. A dendrogram based on the overall similarity of the patterns obtained by restriction endonuclease analysis (REA) with EcoRI clustered the U.S. and European isolates into two major groups (groups A and B). The Singaporean isolates demonstrated unique REA profiles, with nine isolates having both or neither of the REA-characteristic 3.7-and 4.2-kb bands present in groups A and B. By REA profiles, the Singaporean isolates were related to each other with similarity values (S AB s) of >0.80, but only one isolate mixed with the U.S. and European isolates at this S AB (an arbitrary threshold for genetic similarity). Randomly amplified polymorphic DNA (RAPD) analysis generated DNA profiles that clustered the C. albicans isolates into approximately the same number of distinct typing groups as REA. However, isolates identical to each other by REA were generally different from each other by RAPD analysis. In a composite dendrogram prepared from the results obtained by RAPD analysis, the isolates from the United States and Europe clustered in major groups with S AB s of >0.85, while Singaporean isolates connected to these clusters at S AB s of >0.75. Pulsed-field gel electrophoresis was less discriminatory, discerning about one-third as many distinct subtypes as REA or RAPD analysis; the Singaporean isolates were distributed randomly with the U.S. and European isolates. These results suggest that a high degree of genetic diversity exists between C. albicans isolates from Southeast Asia and those from the United States and Europe.
Numerous methods have been used for the purposes of establishing the relatedness of isolates of Candida albicans. Over the last several years, molecular methods of studying strain relatedness have proven to be quite useful, allowing investigators to examine retrospectively putative outbreaks of candidosis and assess the epidemiological aspects of these outbreaks (1, 2, 9, (11) (12) (13) 15) . Three techniques of DNA analysis have been used most frequently, and these are restriction enzyme analysis (REA), pulsed-field gel electrophoresis (PFGE) karyotyping of chromosomal DNA, and randomly amplified polymorphic DNA (RAPD) analysis. Each has proven to be sensitive and highly discriminatory. However, relatively few studies have examined the comparative usefulness of these methods (8, 10, 14) . In the current study we examined the comparative discriminatory powers of these established methods for subtyping isolates of C. albicans. In addition, a comparative genetic analysis was conducted with a large number of isolates from geographically diverse origins, which included the United States, Europe, and Southeast Asia (Singapore). The aim of the latter analysis was to determine whether genotypic differences among isolates might be correlated with their geographic origins.
(This work was presented in part at the 1995 annual meeting of The Infectious Diseases Society of America.)
MATERIALS AND METHODS

C. albicans isolates.
Geographically and epidemiologically distinct sets of C. albicans isolates were used in these studies. There were 86 unrelated isolates from the United States and Europe as well as 26 isolates from Singapore. The origins of the 86 isolates from six U.S. medical centers and three medical centers in the United Kingdom included sites of disease (e.g., vaginitis and endophthalmitis) and of colonization (e.g., oral and gastrointestinal sites). The isolates have been described previously (2, 11, 12) . The 26 Singaporean isolates were recovered from the oral cavities of healthy individuals in Singapore. None had a history or clinical symptoms of oral candidosis. The U.S. and European isolates were identified as described previously (2, 11, 12) . Singaporean isolates were identified as C. albicans by an API 20C test (API, bioMerieux, Marcy l'Etoile, France) and a positive germ tube test (3, 4) .
REA method. The yeasts were grown in YPD broth (1% yeast extract, 2% peptone, 2% dextrose) to the early stationary phase. DNA was extracted from each isolate and isolated as described previously (2, 11) . The concentration of DNA in each sample preparation was determined by using the Gibco BRL DNA mass ladder (Life Technologies, Gaithersburg, Md.). REA was done by digesting 1 to 2 g of DNA with 10 to 20 U of EcoRI for 4 h at 37°C. Restriction fragments were separated electrophoretically on a 0.7% agarose gel in TAE buffer (Trisacetate-EDTA) run at 70 V for 20 min and then at 30 to 40 V until the bromophenol blue marker had traveled 16 cm from the well. Bands were visualized by staining with ethidium bromide and were photographed with a UV transilluminator. Isolates with similar REA profiles were rerun for side-by-side comparisons.
RAPD analysis methods. Genomic DNA was isolated by the use of Chelex 100 resin as described previously (4) . The primers used were 10-mers and were C1 (5Ј-ACGGTACACT-3Ј) and C3 (5Ј-GTTTCCGCCC-3Ј) (New England BioLabs, Beverly, Mass.) (4) . Conditions for amplification have been described previously (4) . In brief, C1 and C3 were used in combination at a 0.8 M concentration to amplify 100 ng of genomic DNA. Amplifications were done under strict conditions with 6 mM Mg 2ϩ in the mixture and an annealing temperature of 36°C. A Perkin-Elmer Thermal Cycler 480 was used. Conditions were denaturation at 94°C for 1 min, annealing at 36°C for 1 min, and extension at 72°C for 2 min for 45 cycles, with a final 10-min extension at 72°C for the last cycle (4) .
The resultant fragments of amplified DNA were analyzed by electrophoresis through 2% agarose gels run in 0.5ϫ Tris-borate-EDTA buffer (TBE) (4) . A 123-bp ladder (Gibco) was used as a size marker. Gels were stained and photographed as described above.
PFGE method. Yeast chromosomal DNA for PFGE was isolated as described previously (3) . Chromosomal separations were done by contour-clamped homogeneous electric field (CHEF) electrophoresis with a CHEF-MAPPER system (Bio-Rad, Hercules, Calif.). Plugs containing chromosomal DNA were loaded into 1% (wt/vol) agarose gels in 0.5ϫ TBE buffer (45 mM Tris, 45 mM boric acid, 1 mM EDTA [pH 8.0]). The DNA was resolved in an electric field at 4 V/cm at 14°C. The switch time was ramped from 90 to 325 s over a 48-h run. These conditions were chosen on the basis of previous studies (3), which resulted in an optimal resolution range of 0.5 to 3.3 Mb. Chromosomal bands were visualized by UV transillumination after ethidium bromide staining and were photographed.
Definitions of genomic groups and subgroups. The REA profiles of the isolates after EcoRI digestion of DNA were interpreted visually, and DNA types were assigned as described previously (11) . Strain differentiation by RAPD analysis or PFGE was achieved by comparison of variable bands. Isolates were deemed to be of different DNA types if the profiles differed by one or more bands.
For the analysis of the patterns obtained by RFLP, RAPD analysis, and PFGE, the patterns were digitized from the photographic negatives with a scanner (Sharp Corp., Osaka, Japan) interfaced with a Macintosh II computer. The digitized images were analyzed by using two different computer software programs, Molecular Weight-RFLP Software (DNA ProScan, Nashville, Tenn.) and Dendron (Solltech, Inc., Iowa City, Iowa). Band data were normalized on the basis of the positions of the standards. The molecular masses of the DNA fragments were calculated on the basis of the electrophoretic mobility in relation to the mobilities of standards with known molecular masses. The band positions were automatically recorded in a database, and the gels were analyzed for band patterns with matching molecular masses.
DNA patterns were compared with the Dendron program, and a similarity value (S AB ) was calculated for each pair of patterns on the basis of matching fragment positions. The S AB s were then clustered by the unweighted pair group method using the arithmetic averages technique, and dendrograms were generated to visualize the relationships among the isolates.
Discriminatory power. The discriminatory power of each of the three typing methods was determined by the application of Simpson's index of diversity as described previously (5, 6) .
RESULTS
Overall, a great deal of genetic diversity was found among the 112 isolates of C. albicans examined in these studies. Computer analysis of all matching bands and the generation of dendrograms to establish strain relatedness resulted in the assignment of the isolates to different subtypes. The isolates were assigned to 58 different subtypes by RAPD analysis, 71 subtypes by REA, and 18 subtypes by PFGE. Representative patterns generated by each typing method are illustrated in Fig. 1 to 3 .
Among the U.S. and European isolates, REA separated them into two major groups, as described previously (11), on the basis of the presence of a 3.7-or a 4.2-kb band. A subset of 32 of these isolates (31%) was a predominant DNA type designated IA2 (5), and it had S AB s of Ͼ0.90 (Fig. 4) ; 23 of these isolates were placed into a single subtype with an S AB of 1.0. In contrast, the Singaporean isolates demonstrated unique REA profiles. Nine of the Singaporean isolates were characterized by having either both or neither of the 3.7-and 4.2-kb bands. These isolates were related to each other with S AB s of Ͼ0.80 (Fig. 4) . However, only a single Singaporean isolate showed relatedness to the U.S. and European isolates at a S AB of Ͼ0.80; all other Singaporean isolates were related at S AB s lower than the arbitrary 0.80 cutoff for genetic similarity. Although the computerized analysis of the banding patterns and the generation of groupings did not rely solely on the four major ribosomal DNA bands for the separation into large groups (as does the visual interpretation method) (2, 11) , the computerized analysis also separated the U.S. and European isolates into two major groups corresponding to major groups A and B of the visual method, which are separated on the basis of the presence of a 3.7-or a 4.2-kb fragment, respectively (11). RAPD analysis generated numbers of DNA subtypes similar to the numbers generated by REA. In general, multiple isolates assigned to a single subtype by REA were assigned to distinct subtypes by RAPD analysis (Fig. 5) . However, some isolates with different REA profiles were assigned to the same RAPD subtype. The greatest number of isolates placed into a single subtype was 11. Genetic relatedness was again found among the U.S. and European isolates, with S AB s of Ͼ0.85.
Singaporean isolates connected to these clusters, but at S AB s of 0.75 or greater.
PFGE karyotype analysis was found to be much less discriminatory than either REA or RAPD analysis. Only about onethird as many distinct subtypes were discerned by this method. However, by this method the Singaporean isolates were randomly distributed among the subtypes with the U.S. and European isolates (Fig. 6) . Twenty-five isolates of group IA2 (subtype by visual REA [2, 11, 12] ) and 32 other isolates were placed into a single PFGE subtype (Fig. 6) . Also mixed into FIG. 4 . Composite dendrogram of genetic relatedness of all C. albicans isolates studied. The dendrogram was generated after REA. The designations of the isolates in the dendrogram are as follows: IA1 to IA23 and IB1 to IB10 are DNA type strains for EcoRI restriction fragment length polymorphism analysis as described previously (2, 11, 12) , isolate designations beginning with S are the Singaporean isolates, and all other designations indicate that the isolate was of U.S. or European origin. this subtype were isolates of both of the other IA and IB subtypes assigned by visual REA analysis, as well as 14 of the Singaporean isolates.
The genetic relatedness of the isolates determined by each of the DNA typing methods is illustrated by the dendrograms in Fig. 4 to 6 . Determination of the discriminatory index (DI) of each typing method showed that both REA and RAPD analysis are more discriminatory than PFGE analysis. The comparative DIs were 0.715 for PFGE, 0.954 for REA, and 0.978 for RAPD analysis. The lower DI for PFGE reflects the placement of 57 of the isolates into a single type (Fig. 6) . Interestingly, RAPD analysis proved to have a somewhat greater power of discrimination than REA, even though REA placed the 112 isolates into 71 subtypes, whereas RAPD analysis placed the isolates into 58 subtypes. This result stems from the fact that one subtype obtained by REA contained 23 isolates, whereas the largest number of subtypes in a group by RAPD analysis was 11.
DISCUSSION
Typing of C. albicans strains to determine genetic relatedness has been done by a variety of phenotypic and genetic techniques, which include physiochemical tests, determination of antigenic differences, and the use of molecular biologybased methods of comparing DNA profiles (1, 6, 7, 9, 10, 11). However, there remains no "gold standard" method by which to determine strain relatedness. Over the last decade molecular biology-based methods for DNA typing have become routinely used because of the relative ease and rapidity of performing the analyses. For each of the three most common methods, REA, RAPD analysis, and PFGE, both benefits and drawbacks have been described. Comparative studies have shown that RAPD analysis is a faster and less technically demanding methodology (1, 7, 8) . Substantially smaller amounts of purified DNA (i.e., Ͻ25 ng) are required compared with the amount needed to do REA or PFGE. However, as demonstrated previously (4), the reproducibility of RAPD analysis is dependent upon the careful standardization of the PCR conditions. In that study we showed that the overall RAPD patterns were stable in repetitive experiments, even though differences in band intensity did occur (4). Thus, we used standardized conditions and only the overall band patterns for analysis, disregarding differences in band intensity, to overcome potential difficulties with reproducibility in the current study. REA requires greater amounts of DNA, but it has proven to be extremely reproducible (4, 8, 11, 12) . PFGE analysis might be considered by some to be the most difficult of these methods to perform, requiring intact chromosomes and specialized electrophoresis equipment as well as taking the longest amount of time to perform (3, 8) , while others have indicated that this is a highly sensitive and useful method of strain discrimination (8, 14, 16) . Regardless of the method of choice, the confounding factors of reproducibility, ease of band pattern interpretation, and power of strain discrimination must be dealt with (6, 8, 10) .
A goal of the current study was to determine the discriminatory power of these three established DNA typing methods for the identification of C. albicans strains by conducting an analysis of a substantial number of unrelated and geographically diverse isolates. These isolates were derived from the United States, Europe, and Southeast Asia and were analyzed to determine whether genotypic differences might be correlated with geographic origin.
The most appreciable difference between the methods used in this study was in the ease of interpreting the different DNA band pattern profiles. The discrete number of well-resolved bands generated by PFGE could readily be analyzed by direct visual comparison, whereas both REA and RAPD analysis generated much more complex patterns. The latter profiles FIG. 6 . Composite dendrogram of genetic relatedness of all C. albicans isolates studied. The dendrogram was generated after CHEF gel analysis. See the legend to Fig. 4 for a description of isolate coding. required a more substantial effort in analysis in order to achieve reliable typing results. However, digital scanning of the gels and subsequent computer-aided analysis provided a less labor intensive means of evaluation as well as the benefit of generating an archival database.
REA of the different isolates of C. albicans used in this study clustered U.S. and European isolates into two major groups (groups A and B) on the basis of the presence or absence of a 3.7-or 4.2-kb band. This phylogenetic grouping was identical to that described previously by Scherer and Stevens (11), who assigned the IA or IB groupings on the basis of these bands. In contrast to the U.S. and European isolates, most of the Singaporean isolates had unique profiles. REA with EcoRI generated either both 3.7-and 4.2-kb bands or neither for nine Singaporean isolates. Such isolates have not previously been encountered in the typing of 104 other isolates from the United States and Europe (2, 11, 12) . These isolates constitute two new major DNA subtype groups obtained by the REA method used in these studies. In keeping with the described grouping nomenclature (11), those isolates with both the 3.7-and 4.2-kb bands are assigned to group IC and those with neither band are assigned to group ID. Thus, the clustering of the Singaporean isolates apart from those from the United States and Europe indicates that a high degree of genetic diversity exists between isolates from Southeast Asia and those from the United States or Europe.
Analysis of the profiles generated by RAPD analysis showed approximately the same number of subtype groups obtained by REA. The majority of isolates identical by REA were found to be nonidentical by RAPD analysis. Some isolates of different REA subtypes were assigned to the same subtype by RAPD analysis. U.S. and European isolates again clustered into major groups, with S AB s of Ͼ0.85. The majority of the Singaporean isolates (24 of 26) were dispersed among the U.S. and European groups, with S AB s of Ͼ0.80, and all were dispersed among the U.S. and European isolates, with S AB s of Ͼ0.75.
The third method used in this study, PFGE, was much less discriminatory (DI, 0.715) than either REA or RAPD analysis (DIs, 0.954 and 0.978, respectively), showing only about onethird as many distinct subtypes among all of the isolates analyzed. This is clearly demonstrated by the fact that 57 of the isolates clustered into a single subtype by PFGE. With respect to the relatedness of the U.S., European, and Singaporean isolates, all were randomly distributed in a composite dendrogram.
The Singaporean isolates had a higher degree of genetic diversity than did the U.S. or European isolates, in that about 40% were not of a single subtype by REA, as had been found previously with the U.S. and European isolates (2, 11, 12) . This diversity may prove to correlate with geographic origin in further studies with larger numbers of isolates obtained from Southeast Asia and other parts of Asia.
Overall, we have found that the REA and RAPD analysis methods of DNA typing of C. albicans isolates have greater discriminatory powers than PFGE karyotyping. Both REA and RAPD analysis typing with the aid of computerized pattern analysis were found to be useful in discerning Ͼ50 discrete subtypes by each method. This is somewhat in contrast to the previously reported 33 subtypes of C. albicans determined by visual analysis by REA (2) . Both REA and RAPD analysis showed an epidemiologic clustering of the Southeast Asian isolates of C. albicans that was distinct from that of the closely related U.S. and European isolates. Thus, the results of these studies indicate that genetic diversity exists between isolates of C. albicans derived from Southeast Asia and those derived from the United States or Europe. Whether isolates of C. albicans from other geographic locales such as South America or Africa would also show a similar degree of genetic diversity remains to be determined.
